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Abstract. Previous studies have shown that some bacteria preferentially attach to sediment but a 
standard procedure does not exist to separate attached and unattached bacteria. In this project, we 
are developing a method to distinguish and quantify between E. coli attached to clay particles and E. 
coli freely suspended in solution. Two methods to detect differences between unattached and 
attached E. coli were compared, settling (or centrifugation followed by settling) and flow cytometry. 
Each method was tested using three environmental strains collected from swine facilities; three clay 
particles: Kaolinite, Ca-Montmorillonite, Montmorillonite K-10; and a range of surface area ratios 
(clay particle surface area to E. coli surface area).  
E. coli were more likely to attach to clay particles with smaller sizes. As the surface area ratio 
increased from 1 to 500, the percent attached increased with greatest attachment (an average of 
47%) occurring at surface area ratio of 500. Moreover, the percent attached reached a maximum 
value of 99.8% for E. coli attachment to Kaolinite. When comparing the two methods, the detected 
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attachment ratios were always lower when using the flow cytometry method. The main limitation of 
the settling method is its inability to detect viable but non-culturable cells while the inability to 
discriminate live and dead cells is the main reason for the underestimated attachment fractions by 
flow cytometry method. Our results indicate that flow cytometry is a rapid and accurate method to 
test the attachment ratio of E. coli to clay particles, but the method is still in need of further 
development.  
Keywords. E. coli, clay, partition, flow cytometry, settling method  
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Introduction 
Agriculture is a significant contributor of bacteria in the environment. Two major sources of 
bacteria in streams are from land application of manure from confined animal systems and 
direct deposit by grazing animals (Soupir et al., 2006). Previous studies have shown that some 
bacteria preferentially attach to sediment (Gagliardi and Karns, 2000; Soupir et al., 2010; Liu et 
al., 2011). Bacteria attached to particulates tend to be more resistant to environmental changes 
resulting in increased survival. Previous studies have also indicated that bacteria attachment in 
the aquatic environment is influenced by various factors, including temperature, bacterial 
genotype, soil particle size, organic matter, water content, pH, and dissolved nutrients 
(Pachepsky et al., 2006). However, the impacts on bacterial attachments from most of these 
factors remain unknown. Moreover, currently, a standard procedure does not exist to quantify 
bacteria in the attached and unattached phases.  
The goal of this study was to develop a practical and accurate method to distinguish and 
quantify between E. coli attached to clay particles and E. coli freely suspended in solution. The 
specific objectives of this study were to develop standard procedure for each suitable 
partitioning method and determine bacterial factors and environmental factors which impact 
bacteria attachment to clay particles. In addition, the third objective was to compare flow 
cytometry and settling/centrifugation separation methods to partition between E. coli attached to 
clay particles and E. coli freely suspended in solution.   
Methodology 
Research Considerations 
The ability of bacteria to attach to clay particles depends on several properties, including the 
cells, particles, and the environment. We consider each of these in the experimental design. 
Properties of the bacteria were varied by using different environmental strains of E. coli (strain 
#31, #50, and #89); experiments were conducted on three different pure soil particles (Kaolin, 
Ca-Montmorillonite, and Montmorillonite K-10); and the environmental considerations such as  
culture medium and temperature (Luria-Bertani medium; 37°C) were held constant. This study 
was conducted in laboratory conditions, with many of these properties controlled.  
Bacteria cultures  
The environmental isolates were collected from swine waste from five swine facilities in Iowa in 
2008 and 2009. Two hundred and three isolates were obtained from the samples which had 
been analyzed by membrane filtration, EPA Method 1603, on modified mTEC agar (USEPA, 
2002) and preserved in 25% glycerol stocks at -80˚C for further investigations. Three strains 
were selected from these 203 isolates based on the high attachment fractions (>99%) to quartz 
particles as described by Liu et al. (2011). Only one pure culture isolate of the three was tested 
at one time. A stock suspension of E. coli was grown for 24 hours at 37˚C to reach the 
stationary stage on the growth curve prior to all experiments in Luria-Bertani broth (BD 
Biosciences; San Jose, CA). E. coli were removed and centrifuged for 3 min at 2,000 rpm 
(Eppendorf, Hauppauge, NY) at 4 ˚C. The supernatant was discarded, and phosphate-buffered 
saline (HACH, Loveland, CO; pH 7.4) was added to each pellet. The resuspened cells were 
diluted to a 0.5 McFarland standard (approximately 1.0×108 CFU ml-1) according to the Clinical 
and Laboratory Standards Institute (2006) using phosphate-buffered saline. 
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Soils 
Three clays were selected for the project (Table 1). To cover a diverse range of soil properties, 
the selected clay particles have different particle size, belong to two different mineral groups, 
and were from either commercial or natural resources.  
Table 1. Clay particles with key properties.   
 
Clay Particles 
 
Source 
Average 
Diameter 
(μm) 
Density 
(g ml-1) 
Surface 
area   
(m2 g-1) 
Kaolin Acoros Organics, #211740010 1.25 2.6 11.2 
Ca-Montmorillonite Gonzales County, Texas 
The Clay Mineral Society, STx-1b 
3 2.4 84 
Montmorillonite K-10 Acoros Organics, #233170050 6 2.4 240 
Surface area ratios 
The surface area of E. coli was estimated to be 6×10-12 m2 (E. coli statistics, 2003)and the 
surface area of clay particles was calculated using the surface area values provided by supplier 
(Table 1). Surface area ratios (clay particle surface area to E. coli surface area) were set at 1, 2, 
50, 100, 200, and 500 for both methods and were used for calculating clay suspension 
concentrations. For instance, when the surface area ratio was 1, the concentration of 
Montmorillonite K-10 was 2.5*10-4g L-1. The final concentration used was 2.8*10-4g L-1(2.5*10-4g 
L-1*1.1) considering the possible heterogeneous size distribution among clay particles.  
Experimental Design 
In this project, two techniques were compared to partition between E. coli attached to clay 
particles and E. coli freely suspended in solution.   
Settling (or centrifugation followed by settling) 
In the aquatic environment, particles with larger density should settle out more quickly than 
particles with smaller density. The settling method was previously used to separate free-
suspended E. coli from quartz-attached E. coli (Liu et al., 2011).  
A spectophotometer (HACH, Loveland, CO; model DR2800) was used to determine sufficient 
settling times for clay particles to settle completely. The concentrations of clay suspensions, 
which were with surface area ratio 1000 (clay surface area to E. coli), were selected to test the 
sufficient settling time. Clay suspensions were made up to 15 ml and were placed in 15 ml 
centrifuge tubes on a polystyrene foam holder after shaking by hand. The top of the liquid was 
removed from tube every 0.5 h and the absorbency values were then tested under single wave 
length of 400nm. The suitable settling time was set based on two subsequent readings of the 
same absorbency value. The appropriate settling times were: 60 min for Montmorillonite K-10, 
150 min for Ca-Montmorillonite, and 5760 min (2 days) for Kaolinite. For samples with Kaolinite, 
centrifugation at 300 rpm for 5 min was applied to shorten the settling time to 18 hr (1080 min).  
The final concentration of E. coli was set at 1.0×107 CFU ml-1 and the concentrations of clay 
were calculated according to each surface area ratio. Diluted E. coli cultures, clay suspensions 
were added into 250-ml Erlenmeyer flasks and final volume was brought to 50 ml using 
phosphate-buffered saline. The samples were shaken at 80 rpm for 10 min on an orbital shaker 
to increase bacterial particle interactions and attachment.  After shaking, the samples were 
transferred to 50-ml conical tubes and the tubes were placed vertically in racks to allow clay 
particles to settle via gravity for set times except for the samples treated with Kaolin as 
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centrifugation required.  After settling at 37°C, 25 ml of supernatant was extracted and placed in 
a new conical tube.  After vortexing for 10 s, 3ml of supernatant was removed and diluted in 27 
ml phosphate-buffered saline and then 1 ml was serially diluted in 9 ml phosphate-buffered 
saline four times. The final concentration was within the countable range recommended for 
membrane filtration techniques (APHA, 1999). 1 drop of Tween 85 was added to the remaining 
25 ml and shaked at 300 rpm for 10 min with a handshaker (Eppendorf, Hauppauge, NY). The 
serial dilution procedure was the same as described for the supernatant. The total E. coli 
concentration in the supernatant and remainder were enumerated by membrane filtration on 
Luria-Bertain agar in triplicate. Figure 1 shows a flow chart of the experimental procedures. 
 
Figure 1. Flow chart of the settling method procedures. 
(Mont is the abbreviation for Montmorillonite)  
Flow cytometry  
Flow cytometry previously performed well for separating between E. coli attached to polystyrene 
beads (6-10 μm diameters) and free E. coli (Tysman, unpublished data). Samples were 
processed using FACSCanto flow cytometer (BD Biosciences; San Jose, CA) in this study. The 
fluidics system transports particles in a fluid stream to the laser beam for interrogation. As a 
suspended cell or particle from 0.2 to 150 microns passes through the light source at 
interrogation point, it will scatter light at all angles (BD, 2000). Several detectors are aimed at 
the point where the stream passes through the laser beam. Emitted light is scattered in all 
directions and is collected via optics that direct the light to a series of filters and dichroic mirrors 
that isolate particular wavelength bands (Brown and Wittwer, 2000). Emitted light that is 
scattered in the forward direction is collected by one forward scatter channel (FSC) in the line 
with the light beam.  The FSC intensity can be used to roughly estimate the particle’s size and 
distinguish between cellular debris and living cells.  A number of side scatter channels (SSC), 
usually located 90 degrees from the laser’s path, can collect the light approximately at 90 
degree angle to the excitation line and provides information about granularity and structural 
complexity inside the cell. Figure 2 is an ideal plot of the flow cytometry testing the attachment 
of E. coli. The “FITC-A” on x-axis shows the fluorescence of particles while the “SSC-H” 
represent the particle’s optical density. Soil particles have a high SSC signal but they don’t bind 
the fluorescent dye, thus they show up in the upper left quadrant in the plot. After binding with 
fluorescent dyes such as SYTO green-fluorescent nucleic acid stains, E. coli will fluoresce and 
show in the right bottom corner of the plot. Moreover, after attaching to particles, the attached E. 
coli to clay was recognized as one event with high SSC signal (from the soil) and a high 
fluorescent signal (from the labeled E. coli), thus they present in the upper right corner of the 
plot.  
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Figure 2. Ideal plot from the flow cytometry separation technique.  
The phosphate buffer water was filtered through 0.45 µm filter and  then centrifuged at 2500 
rpm for 5 minutes at 4ºC  three times to minimize the background contamination fluorescence. 
SYTO 11 green fluorescent nucleic acid stain was selected in this study and was filtered 
through 0.2 µm filter and then centrifuged at 2500 rpm for 5 minutes at 4ºC three times. After 
the E. coli and soil solutions were made they were combined in test tubes. In this project, 107 
CFU ml-1 was used according to the recommendations of the optimal concentration of 103 to 107 
CFU ml-1 E. coli in flow cytometer (Hussein et al., 2002).The volumes and concentrations of clay 
suspensions for different samples were calculated by different surface area ratios. Fixed 
volumes of E. coli, clay, phosphate-buffered saline, and SYTO 11 were added to the tubes to 
create a test volume of 250 µl for each test tube (BD Biosciences; San Jose, CA). Additionally, 
for each group, 6 controls were required prior to testing: PBS (phosphate-buffered saline) only, 
PBS+SYTO dye, PBS+ E. coli,  PBS+E. coli+ SYTO dye, PBS+ clay, and PBS+ clay+ SYTO 
dye. 2µL of SYTO 11 was added once the other components were in the test tubes immediately 
before sample analysis because the SYTO dye is light-sensitive. The samples are next tested 
under 488nm wavelength on the flow cytometer and analyzed.  
Calculations and statistical analysis  
Percent attached calculations 
In the settling method, the percent attached E. coli was computed as: 
 Percent attached (%) = ×100% 
 where  
            U is the concentration of E. coli in the unattached fraction (CFU ml-1),  
            R is the concentration of E. coli in the remainder fraction (CFU ml-1).  
In the flow cytometry method, the percent attached E. coli can be calculated using BD 
FACSCanto system software (BD Biosciences; San Jose, CA). 
Statistical analysis 
Statistical analysis of data was performed using R project software (version 2.14.1). Tukey’s 
pairwise comparison was used to test significance between the variables at the P<0.05 
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significance level. The null hypothesis was that there would be no differences of impact on 
attachment ratio (or natural log attachment ratio) between two clays, strains or surface area 
ratios. 
Results and Discussion  
The experimental data described in this chapter indicates that both the settling and flow 
cytometry methods were successful in enumerating unattached and attached E. coli. The 
percent attached reached a maximum value of 99.8% for E. coli attachment to Kaolin. Moreover, 
clay type, strain type and surface area ratio all impacted the E. coli attachment to clay particles. 
Our results indicate that flow cytometry is a rapid and accurate method to test the attachment 
ratio of E. coli to clay particles. The average percent attached of each variable is in Table 2. 
Table 2. Average percent attached for each variable.  
 Variable  Settling 
Percent attached 
Flow cytometry 
Percent attached 
Clay Kaolin 43% a 39% A 
Ca-Montmorillonite 26% b 11% B 
Montmorillonite K-10 21% c 5% C 
Strain #31 34% a 28% A 
#50 30% b 14% B 
#89 34% a 12% C 
Particle: 
E. coli 
ratio 
1 17% a 1% A 
2 18% a 1% B 
50 24% b 13% C 
100 31% c 25% D 
200 35% c 32% E 
500 47% d 40% F 
Average  33% 19% 
* Average percent attached was an average of all values for each variable. 
* Within each column, values with the same letter are not significantly different at the p=0.05 level.  
Impacts of clay type on bacteria attachment 
From Table 2, we concluded that among the three clay particles used in this study, E. coli was 
more likely to attach to Kaolin than to Ca-Montmorillonite or Montmorillonite K-10. Sediment 
bacterial abundance can be influenced by several variables of soils including sediment size 
(Schallenberg and Kalff, 1993).  
In urban storm water runoff, fecal indicator bacteria were adsorbed predominantly to fine clay 
particles (<2 µm) (Muirhead et al., 2006). In 2006, Pachepsky et al., conclude that the content of 
clay particle <2 µm is the leading factor affecting bacteria attachment to soil.  Our results were 
consistent with their findings. E. coli was more likely attaching to Kaolin, with average diameter 
1 µm, compared to Ca-Montmorillonite or Montmorillonite K-10, which both have a larger 
particle size. This observation can likely be explained by the surface area: volume ratio:  
 
  where R is the sediment particle radius.  
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From the above equation, smaller particles would have a larger surface area: volume ratio. Thus, 
within the same sediment volume (or weight, because pure sediments share similar density), 
the smaller particle would have larger surface area and more opportunities to interact with 
bacteria. In this project, within the same surface area ratio (clay particles: E. coli), all the 
samples tested had the same clay particle surface area.  But as shown in Table 1, Kaolin has 
smaller surface area (in m2/g) than Ca-Montmorillonite and Montmorillonite K-10, which means 
Kaolin would have more weight and more particles within the same surface area. Larger amount 
of particles can also increase the probability of bacteria attachment.  
Impacts from surface area ratios on bacteria attachment 
Generally, the ascending trend of percent attached was associated with increased particle ratios. 
Since all the clay particles and E. coli are both in the 1-10 μm size range, the particles’ 
movement in water can be explained by Brownian motion. As the particle number increased, the 
chances for clay particles and E. coli meeting with each other would definitely increase. 
Therefore, the attachment is likely to correspondingly increase. 
However, there was one exception. In the settling method, the average percent attached to 
Montmorillonite K-10 for surface area ratio 500 was 33% while for surface area ratio 1000 was 
24%. The difference might be due to soil aggregation under the high concentration of clay 
particles. Soil aggregation can be caused by microorganisms, which can excrete sticky 
substances that act as glue and bind soil particles together or by electrostatic forces from soil 
particles.  
Impacts of bacterial cell properties on bacteria attachment 
From table 2, different strains also showed different attachment to clay particles. Strain #31 
always had higher percent attached to clay particles. Previous research has indicated that 
significant genetic variability exists among strains of E. coli from different host species (Carson 
et al., 2001) and even from the same host species (Kudva et al., 1997; Galland et al., 2001; Vali 
et al., 2004; Bolster et al., 2009).  If the genetic variability results in differences in surface 
characteristics that impact attachment, different strains of E. coli may exhibit difference 
attachment to clay particles in water. However, previous researchers have obtained mixed 
results of impacts on attachment from genes. The underlying genetic basis for bacteria 
attachment remains unidentified (Liu et al., 2011). Therefore, bacterial cell properties, including 
electrophoretic mobility, cell size and shape, hydrophobicity, and surface charge density 
(Bolster et al., 2009) need to be tested in future studies and should be analyzed in combination 
with the attachment fractions obtained from this study. 
Advantages and limitations of flow cytometry 
Generally speaking, the greatest advantage of flow cytometry is the rapidity in which large 
numbers of cells can be analyzed (Macey, 2007). In this study, using flow cytometry can shorten 
the experimental time from up to 1 day to less than 1 hour. Moreover, the expenses for using 
two methods were similar ($289 of 100 samples using the settling method, and $316 of 100 
samples using the flow cytometry method).  
Another advantage of flow cytometry compared to the settling method is its ability to detect the 
viable but nonculturable (VBNC) portion of the total cell population. From the comparisons 
between percent attached using the two methods, the attachments obtained from the settling 
method were always higher than the attachments observed from flow cytometry. The 
attachment difference between the two methods is possibly due the VBNC portion of cells. 
Culturing bacteria on medium is limited in its in ability to recover metabolically active, intact cells 
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that have been exposed to environmental stresses (Oliver, 1993; Khan et al., 2010). Therefore, 
culturing cells on medium agar is possibly underestimating the cell count since under an 
appropriate condition, VBNC cells can be resuscitated and become culturable again (Barer et al., 
1993). From the perspective of VBNC cells, the percent attached achieved from the settling 
method might be less reliable. 
Flow cytometry also has some disadvantages. It is difficult to discriminate between live and 
dead cells when only using one stain. In this study, SYTO 11 was used as a DNA-fluorescent 
stain in flow cytometry method and each event was counted by one fluorescence DNA unit. The 
total E. coli amounts were overestimated because dead cells with DNA could also produce the 
fluorescence. But dead cells undoubtedly had lower properties of attachment to soil particles 
than live cell. Therefore, using flow cytometry likely underestimated the attachments of E. coli to 
clay particles. This is another possible reason for the lower attachment fractions obtained from 
the flow cytometry method. Flow cytometry also has limitations if used for on environmental 
applications. First, environmental water samples usually have low bacteria concentrations while 
103 to 107 CFU ml-1 was recommended as the E. coli concentration used in the flow cytometer 
(Hussein et al., 2002). Secondly, for water samples which contain several kinds of bacteria, flow 
cytometry cannot separate different strains using one stain. Recognizing different strains may 
be achieved by multiple-staining techniques, but only if the types and properties of the 
microorganisms are well-known.  
Conclusion 
The overall goal of the study was to develop a practical and accurate method to distinguish and 
quantify between E. coli attached to clay particles and E. coli freely suspended in solution. Two 
methods, settling (or centrifugation followed by settling) and flow cytometry were compared.  
The study demonstrated that E. coli are more likely to attach to clay particles with smaller sizes. 
The increase in the percent attached was associated with increased surface area ratios. 
Different strains of E. coli have different attaching ability to clay particles, even for strains which 
were from the same host species. A series of cell surface characteristics for three strains used 
in this study, such as cell size and shape, and surface charge, should be determined in future 
studies. After comparison to settling method, we can conclude that the flow cytometry:(1) is a 
rapid technique in which large numbers of cells can be analyzed which settling method is time-
consuming and labor intensive; (2) can detect the viable but nonculturable (VBNC) partition of 
cells while settling method cannot and therefore potentially underestimate the bacteria count; (3) 
overestimated the total bacteria number and underestimated the attachment fractions in this 
study because the flow cytometry cannot discriminate between live and dead cells when only 
using one stain (4) is hard to apply on environmental water samples with the hindrances include 
low environmental bacterial concentration and strain diversity in environmental water samples.  
On the whole, flow cytometry is a new technique to partition between unattached and attached 
bacteria, but further improvements are still need. 
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